The minimization of the power loss and the use of the biodegradable greases have attracting considerable attention. To compare the energetic performance of biodegradable lubricant greases, power loss tests were performed on a modified four-ball machine. A correlation between the grease formulation and rheology was established with its energetic performance.
INTRODUCTION
Typically, the power loss in rolling bearings has been related to the lubricating capacity of grease base oils, whereas the role of the thickener in the lubrication process has been neglected. Using microscopy techniques, several authors have demonstrated the presence of small thickener particles in the contact surface [1, 2] . Thus, the entrance of thickener particles into the contact zone causes an increase in viscosity of the elastohydrodynamic lubrication (EHL) film, generating a thicker film, different from that found for the base oil alone, and producing a significant reduction in the friction factor [3, 4] .
Lubrication performance is also affected by the replenishment mechanisms, where the lubricant enters the contact coming from its lateral neighbourhood, which necessarily depends on the flow properties of the grease. It is well known that these grease rheological properties are mainly related to the microstructural characteristics achieved during processing [5, 6] and their composition [3, 7, 8] .
In general, both the rheological and the tribological behaviours of greases are related to the physico-chemical properties of the base oil (i.e. polarity and viscosity), the thickener concentration and the characteristics of the three-dimensional network resulting from interactions between the thickener particles and the base oil. Couronné et al. [8] found a significant influence of the thickener-base oil interaction and proposed an interesting relationship between the storage modulus, the film thickness in the EHL contact, and the friction factor.
However, the performance of biodegradable greases is not yet well known, mainly in terms of rolling bearing wear and power loss. Consequently, new experimental methods and analytical tools need to be developed to compare the tribological, rheological, and energetic behaviour of these new biodegradable greases with reference ones.
In this work, five lubricant greases were characterized and tested on a thrust ball bearing 51 107, submitted to an axial load of 7000 N and a rotating speed between 100 and 5500 r/min. During the tests, the rolling-bearing friction torque and the operating temperatures were measured and registered. Finally, the rolling-bearing friction torque is related to the characteristics of the greases tested. Table 1 shows the physical and chemical characteristics of the five greases considered: MG1, formulated with a mineral base oil and a lithium thickener; EG1 and EG2, formulated with an ester base oil, both thickened with lithium and calcium, but EG2 also contained polyurea; PG1 and PG2, thickened with polypropylene and formulated with polyalphaolefin base oil (PAO) in the case of PG1 and a mix of a diester with a vegetal base oil in the case of PG2. EG1, EG2, and PG2 passed the tests for biodegradability (OECD 301F and SS155470 class B) and ecotoxicity (OECD 202). The base oil viscosities shown in Table 1 were measured using an Engler viscosimeter and some viscosity parameters were calculated. Other physical characteristics were provided by the grease manufacturers.
GREASES CHARACTERIZATION

Grease composition and physical properties
Scanning electron microscopy analysis
The analysis of the grease thickeners were performed on a JEOL JSM 35C/Noran Voyager scanning electron microscope (SEM/EDS), but presented some difficulties. The base oil contained in the grease 'hides' the thickener structure and, for this reason, must be extracted from the sample using a solvent (e.g. hexane); however, this operation might interfere with the thickener and modify its own structure [9] . The exposure time and incident energy of the electrons beam on the sample are directly related to the image quality, mainly for high magnification, but that interaction between the electron beam and the sample can also modify the thickener structure. These interactions with the grease structure can lead to misinterpretations. A thin layer of each grease sample was spread on a glass substrate and dried with a few hexane drops flowing at low speed. The SEM images were taken in the same conditions for all samples (i.e. same magnitude and electron beam energy). The thickener grease structures obtained are shown in Fig. 1 .
Lithium (MG1), lithium and calcium (EG1 and EG2) and polypropylene (PG1 and PG2) greases can be easily differentiated. MG1 is a structured system based on entanglement networks that present long and large lithium fibres. EG1 and EG2 greases are similar to MG1, nevertheless contain some large calcium particles and the lithium fibres are shorter and thinner than MG1. PG1 and PG2 greases are based on a non-polar thickener system (polypropylene), which allows the grease additives to reach the metal surfaces easily. As seen in Fig. 1 , the thickener structure of these greases is more homogeneous, although it is easily damaged by the energy of the incident electron beam used in high magnification (×20 000).
Grease rheology
The rheological characterization of the greases was carried out with a Physica MCR 301 rheometer, using two different operating conditions: (a) amplitude sweep tests, where an oscillatory shear rate (10 −4 s −1 <γ < 10 1 s −1 ) of increasing amplitude at a constant frequency (10 Hz) was applied to the grease sample while the storage modulus (G ), the loss modulus (G ), and the shear stress (τ ) were measured; (b) flow tests, where increasing levels of shear rate (10 −2 s −1 <γ < 10 3 s −1 ) were applied to the grease sample while the shear stress (τ ) and apparent viscosity (η) were measured.
Both tests were performed in and out of the linear viscoelastic region (LVE). The LVE region is located where the stress produced for strain amplitude at a given frequency is small enough to avoid any damage in the internal microstructures responsible for the grease elasticity. The experiments were carried out using a cone-plate geometry CP50-2 (2.02
• ; 4997 mm) at a fixed frequency of 10 Hz and at ambient temperature (20
• C). The results obtained are presented in Figs 2 to 6. Table 2 presents a summary of the most relevant rheological parameters for each grease: the storage, loss, and complex moduli, G , G , and G * respectively, and the loss factor tg (δ) were obtained in amplitude sweep experiments for shear rates in and 
Storage and loss moduli
The storage modulus describes the solid state and the elastic behaviour of the sample and is related to the structural strength and the consistency of the grease by the value of G , in the LVE range. The loss modulus describes the fluidity and the viscous behaviour of the sample and is represented by the value of G , in the LVE range. In general, the linear-viscoelastic range covers the deformation range of 10 −4 and 2.10
(=0.01 to 0.2 per cent) [10] . According to Couronné et al. [8] , the storage modulus G can be considered as an evidence of the interactions intensity between the grease components. Figure 2 shows the storage and loss modules, respectively G and G , versus the shear rate (γ ) for all greases. The measurements showed that the G and G moduli of the grease formulated with a PAO thickened with polypropylene (PG1) were the highest ones, followed by the mineral grease thickened with lithium (MG1). The ester greases, thickened with lithium and calcium (EG1 and EG2), and the grease made of a mixture of a diester with a vegetable base oil, thickened with polypropylene (PG2), showed the lowest storage modulus values. Even though the greases have 
Fig. 6
Power law model applied to viscous flow curves of the tested greases the same NLGI class-2, considerable differences were obtained in terms of the storage and loss modules. Figure 3 shows the storage and the loss moduli for each of the greases, in (<0.01 s −1 ) and out (10 s −1 ) of the LVE region. As expected for greases, in the LVE region, the dissipative modulus G had lower values than storage modulus G . At these levels, the grease behaviour is mainly controlled by its elastic properties, where the thickener concentration, nature, and base oil interaction have an important effect. Outside the LVE region, the grease capacity to store energy becomes less significant over the energy dissipated, as a reaction to the deformation imposed on the grease internal structure.
Complex modulus and phase angle
The complex modulus G * is the vector sum of the elastic and the viscous components, representing the resistance to deformation of the grease, and the phase angle δ expresses the balance between elastic and viscous behaviour. Figure 4 shows the evolution of the complex modulus (G * ) and of the phase angle (δ) as the shear stress (τ ) increases.
The complex modulus G * followed the same trend of G and G described above. Figure 4 indicates that as the oscillatory stress increased, the greases maintained their resistance to deformation until they reached a yield stress, where upon they undergo a rapid transition from high to low complex modulus. The yield stress is a useful measure to quantify the stress required to induce flow in grease. The plateau values reveal the significant differences in the at-rest resistance to deformation -in simple terms: the stiffness of the greases. An inspection of the G * curves revealed a low relative yield stress for the ester based greases (EG1, EG2 and PG2), a medium value for the mineral grease (MG1), and a significant higher relative yield stress for the PAO-based grease (PG1).
The drop in G * modulus in the yielding process was matched by an increase in phase angle, which was the result of a break-up of internal elastic structure as the imposed stress was increased. It was expectable that grease PG2, being the less structured one was also the 'softest or weakest' grease (Fig. 4) . It had the lowest complex modulus and the lowest yield stress but its plateau phase angle was also very low and almost equal to that of grease PG1, meaning that both polymeric thickened greases presented a similar balance between elastic and viscous behaviour. Figure 5 shows the complex modulus in the LVE region. As can be seen, the grease PG1 behaves as a thick fluid, whereas other greases flow as thin Figure 6 shows the apparent viscosity against the shear rateγ , obtained in the flow experimental test. The flow curve is a response of the chemical composition and/or physical structure of the grease, and as such it can be used as a parameter to analyse the characteristics of the grease [11] . The power-law or the Ostwald de Waele model, corresponding to equation (1), is in close agreement with the experimental measurements made for all greases (R > 0.995) and showing a shear-thinning behaviour throughout the operating conditions considered, that is
Apparent viscosity
Equation (1) shows that whenγ → ∞, the apparent viscosity tends to zero. Calculated parameters k and n, shown in Table 2 , are empirical parameters that can be related to the grease consistency and flow index, respectively.
The values of the flow index n were very low, consequence of the typical yielding flow behaviour. According to Delgado et al. [12] , the flow index is closely related to the shear-induced structural breakdown and has not exhibited any significant trend with the friction coefficient. The smaller the value of n, the more shear thinning the grease will be [13] .
The values of k cannot be compared for greases with different n values. This is because the value and units of the consistency index k depend upon the values of the power law index n (in fact, k has dimensions whereas n is dimensionless). Accordingly and comparing only k coefficients of the two ester biodegradable greases (EG1 and EG2), which had similar n values (0.148), grease EG1 had a higher consistency.
ROLLING BEARING TESTS
The rolling bearing tests were performed on a modified four-ball machine, where the four-ball arrangement was replaced by a rolling bearing assembly, as shown in Fig. 7 for the case of a thrust ball bearing. This new assembly was developed to test rolling bearings and measure the friction torque and operating temperatures in several different points [14] .
The tests were performed with 51 107 thrust ball bearings [15] , submitted to a constant axial load of 7000 N and variable rotating speeds in the range 100-5500 r/min. 
Thrust bearing friction torque and operating temperature
In Fig. 8 the experimental bearing friction torques and its range for three measurements are plotted against the rolling bearing speed for all greases tested. The highest values of the friction torque were measured at the lowest rotating speed (100 r/min). The mineral grease (MG1) always generated the highest friction torques, whatever the bearing speed; the ester-based greases (EG1 and EG2) produced similar torques, but lower than those generated by MG1, and the polymeric greases (PG1 and PG2) always generated lower torques than all the other greases. In the range between 100 and 500 r/min, the polymeric grease PG2 generated higher or similar torques than the ester-based greases.
At 2000 r/min MG1, EG2, EG1, PG2, and PG1 greases generated bearing friction torques of 157, 127, 125, 110, and 95 N mm, respectively (Fig. 8) . Thus, the bearing torque generated by MG1 was 26 and 65 per cent higher than the torques generated by greases EG1 and PG1, respectively.
In Fig. 9 , the highest experimental bearing temperatures, always measured by thermocouple III (Fig. 7) , are plotted against the rolling bearing speed for each of the tested greases. For all greases, the highest bearing temperatures were always measured at the highest Fig. 9 Bearing operating temperature for different rotational speed operating speed (5500 r/min). Whatever the speed, the mineral grease MG1 always generated the highest operating temperatures. The other greases generated significantly lower temperatures than the mineral grease, but similar to each other, although the bearings lubricated with greases EG1 and EG2 showed slightly higher temperatures than those lubricated with the polymeric greases (PG1 and PG2). At 2000 r/min, the bearing operating temperatures were approximately 65
• C for MG1, 57
• C for EG1, EG2 and PG1, and 55
• C for PG2 (Fig. 9) . The experimental results of the bearing friction torque and of the operating temperature were in close agreement, since higher friction torques always corresponded to higher operating temperatures, as expected. Figure 10 shows the calculated kinematic viscosities of the greases base oils at the bearing operating temperatures, for each rotating speed. At 2000 r/min, the base oil of the mineral grease MG1 has the highest kinematic viscosity (80 mm 2 /s), followed by the base oil of the ester-based greases EG1 and EG2 (60 mm 2 /s). The polymeric grease base oils have the lowest kinematic viscosities, 20 and 15 mm 2 /s for PG1 and PG2, respectively.
Base oil viscosity and oil film thickness at the operating temperature
The viscosity of the base oil can be used to calculate the theoretical centre film thickness in the ball-race contact of the thrust ball bearing, for each speed and grease, as shown in Fig. 11 . The centre film thickness was determined using the Hamrock and Dowson [16] equation for elliptical contacts, that is
It is interesting to notice that the ester-based greases EG1 and EG2 and the polymeric greases PG1 and PG2 followed a similar trend, with a small film thickness at low speed (below 1000 r/min) and an almost constant film thickness for high speed (above 1000 r/min). The mineral grease showed a significantly different behaviour, with a very large film thickness at low speed (and thus low bearing operating temperature) and a significant decrease in the film thickness as the bearing speed increases together with the operating temperature. At 2000 r/min, the film thickness calculated for the different greases were: 0.58 µm for MG1, 0.40 µm for EG1 and EG2, 0.30 µm for PG1 and 0.22 µm for PG2. Figure 11 also shows the corresponding specific film thickness ( ) values.
Power loss and evacuated heat
The overall power loss P loss (W ) of the thrust ball bearing might be determined multiplying the experimental bearing friction torque M exp N m by the bearing rotating speed ω rad/s (equation (3)), for each grease and speed [15] P loss = M exp ω
The power dissipated inside the bearing housing was evacuated to the surrounding environment through different heat evacuation mechanisms, which are difficult to analyse individually: radiation, convection, and conduction, as represented by equation (4) P loss =Q =Q rad +Q conv +Q cond (4) However, it is possible to establish a global heat evacuation factor, which appears as a modification of Newton's law for cooling, where such coefficient includes multiple forms of heat transfer [17] , that is
where α global is the global heat evacuation factor, S the external surface area of the bearing housing, and T surface and T room the measured temperatures of the housing wall (Fig. 7 , thermocouples I, II, and V) and of the surrounding environment. Figure 12 shows the values of α global calculated for the three measurements made in each operating condition. The values of α global showed a very large scattering 
Using this global heat evacuation factor, it was possible to calculate the overall evacuated heat and compare it with the power loss, as shown in Fig. 13 . The correlation was very good (R 2 = 0.979), taking into consideration the scatter of the α global values, confirming the good relation existing between friction torque and temperature measurements.
DISCUSSION
It is difficult to establish a direct relation between the grease rheological properties and the friction torque of the thrust bearing, since no model is available for such purpose. However, some qualitative interactions might be pointed out.
The experimental results obtained clearly indicate that when the bearing speed increases, the operating temperature also increases as shown in Fig. 9 . Consequently, the viscosity of the grease base oil decreases, and the corresponding bearing friction torque decreases as shown in Fig. 8 , because the base oil viscosity has a very strong interference on the friction torque.
The reduction in the grease base oil viscosity, as the operating speed and temperature increase, generates a reduction in the lubricant film thickness in the bearing. However, film thickness is also dependent on contact replenishment and thus on the interaction between the grease components, that is, the rheological behaviour of the grease. Such characterization needs specific measurements of film thickness in grease-lubricated contacts, which are beyond the scope of this work.
Grease rheology
Among all the physical properties of the greases measured, the storage modulus G and the loss factor tg (δ), obtained in amplitude sweep experiments, and the flow index (n), obtained in the flow experiments, seem particularly interesting. As shown in Table 2 , G and n have significant different values, indicating that the greases have different rheological behaviours: grease PG1 has the highest storage modulus and the lowest flow index (G = 58 969 Pa and n = 0.057), while the biodegradable greases EG1, EG2 and PG2 have low storage modules (respectively, 11 201, 10 872, and 8554 Pa) and high flow indexes (respectively 0.148, 0.147 and 0.151). Grease MG1 presents the values between the previous ones (G = 32 976 Pa and n = 0.113).
Greases EG1, EG2, and PG2 have different thickeners, lithium/calcium for EG1, lithium/calcium/ polyurea for EG2, and polypropylene for PG2, but they were all formulated with ester base oils in order to meet the desired biodegradability.
Greases EG1 and EG2 have similar thickeners and loss factors (tg (δ) ≈ 0.18-0.20). The same occurred with greases PG1 and PG2, since they have the same polypropylene thickener and similar loss factors (tg (δ) ≈ 0.13-0.11).
This set of results indicates that the grease rheological parameters are strongly dependent on the interaction between thickener and base oil, although some of them may be strongly influenced by the type of thickener or the type of base oil.
Bearing friction torque
The most recent model proposed by SKF [15] for rolling bearing friction torque M t considers that the overall torque is the sum of four physical sources (equation (7))
The thrust ball bearing 51 107 does not have seals and the drag losses generated by the tested greases were insignificant, so the M seal and M drag tended to zero. For the analysis presented, the ϕ ish and ϕ rs factors were included in the M rr , that is
The two bearing friction torque components are defined by the following equations [15] 
The rolling torque (M rr ) is mainly dependent on the viscosity of the base oil and on the replenishment of the contact (ϕ rs ), whereas the sliding torque (M sl ) is mainly dependent on the weighting factor (ϕ bl ) and on the friction coefficient in full-film elastohydrodynamic (EHD) lubrication (µ EHD ) for the sliding friction (µ sl ). The weighting factor for the sliding friction takes into account the lubrication regime: full film, mixed film, or boundary film. Figure 10 shows that the viscosity of the grease base oils decreases in the following order: MG1, EG1, EG2, PG1, and PG2 (e.g. 500 r/min). Consequently, the rolling torque M rr decreases in the same order (Table 3) . However, two greases with similar base oil viscosities might generate different rolling torques, depending on their replenishment factor (ϕ rs ). Nevertheless, the influence of the base oil viscosity on M rr is significantly more important than the influence of the replenishment factor. Figure 11 shows the theoretical film thickness and corresponding values for the ball-race contact, calculated with the properties of the base oil and the operating conditions of the bearing (load, speed, temperature). At the bearing operating temperature (e.g. 500 r/min), the specific lubricant film thickness (which is directly related to the viscosity and piezoviscosity of the greases base oils and to the composite roughness of the contacting surfaces) decreased in the following order: MG1, EG1, EG2, PG1, and PG2 (Table 3) .
If the film thickness decreased below a certain value (corresponding to full-film lubrication, = 2), the proportion of boundary lubrication increased (ϕ bl ) and this factor has more impact on the sliding torque than the friction coefficient in full-film lubrication [15] .
The values of M sl , at the bearing operating temperature (e.g. 500 r/min), are given in Table 3 . Grease MG1 generated a high specific film thickness ( > 4.0), and consequently, the sliding torque was mainly dependent on the µ EHD value of the mineral oil (φ bl ≈ 0), which is considerably higher than the corresponding values for the ester and PAO base oils of the other greases. Grease PG1 generated a specific film thickness of 1.4 and the lowest sliding torque (72 N mm). Greases EG1 and EG2, although generating a value (1.9) higher than PG1-produced higher sliding torques, respectively, 82 and 96 N mm. Grease PG2 had a value (0.8) lower than PG1 and produced a significantly higher sliding torque, 114 N mm.
Grease PG2 operated in boundary lubrication conditions ( = 0.8), and it was not surprising that it generated a sliding torque 66 per cent higher than PG1 and an operating temperature 5
• C higher. The sliding torques of greases EG1 and EG2 are, respectively, 14 and 33 per cent higher than that generated by grease PG1 (Table 3) , although, theoretically, these greases operated near full-film EHD conditions. This trend of greases EG1, EG2, and PG2 to generate sliding torques significantly higher than grease PG1 was observed in all the speed range (100-4000 r/min) and cannot be only explained by the differences in the friction coefficient in full-film EHD lubrication between the different greases base oils, suggesting lubricant starvation and operation at values lower than the theoretical ones.
The total friction torque, given by the addition of the bearing rolling and friction torques, decreased in the following order: MG1, EG1, EG2, PG2, and PG1 ( Fig. 8 and Table 3 ).
Bearing friction torque versus grease rheology
Low base-oil viscosities generate low rolling bearing torques (M rr ). However, the rolling torque might have a slight additional reduction if the grease formulation generates reduced contact replenishment. Therefore, two greases with identical base oil viscosity tend to generate the same rolling bearing torque, but the one with higher flow index (n) will show the lower rolling bearing torque.
Greases EG1, EG2, and PG2, formulated with ester base oils, generated relatively high sliding torques and seem to operate under starved conditions. These greases also had high flow indexes (n = 0.15), suggesting the existence of a relation between the flow index and contact replenishment. Couronné et al. [8] reported that greases formulated with lithium grease and ester-based oil (like EG1 and EG2) generated significant lubricant starvation. Therefore, the sliding bearing torque (M sl ) depends on the base oil viscosity, additives and flow index. The greases with high flow index (EG1, EG2, and PG2) show higher sliding torques than greases with low flow index (PG1).
The best overall behaviour of grease PG1 is the result of a favourable combination of characteristics of this grease. An important one is the low viscosity (second lowest value) allowing one the lowest rolling bearing torque (M rr = 51 N mm at 500 r/min; Table 3 ). Another favourable characteristic is its PAO base oil, which generates lower friction than mineral oils (in full film conditions), and finally is very low flow index (n = 0.057; Table 3 ), which seems favourable in terms of contact replenishment. These two last characteristics allow a very low sliding torque (M sl = 72 N mm at 500 r/min), the lowest sliding torque.
CONCLUSIONS
Different grease formulations have different rheological parameters, in terms of the storage modulus G , the loss factor tg (δ), and the flow index n. The biodegradable greases studied, formulated with ester base oils (EG1, EG2, and PG2), presented similar low storage modules and high flow indexes, although they had different thickeners. The greases formulated with the same thickener (PG1 and PG2, or EG1 and EG2) had similar loss factor, although they were formulated with different base oils.
Low base-oil viscosity generates low rolling torque. An additional reduction of the rolling torque occurs if the grease generates poor contact replenishment.
The sliding torque depends on the weighting factor (ϕ bl ) and on the friction coefficient in full film EHD lubrication (µ EHD ), but it can have an additional
